A compensatory mutation (M230I) in the primer grip of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) restores the replication capacity of virus having a Y115W mutation in their RT coding region. The Y115W substitution impairs DNA polymerase activity and produces an enzyme with a lower fidelity of DNA synthesis. Gel-based fidelity assays with the double mutant Y115W/M230I revealed that the M230I substitution increased the accuracy of mutant Y115W. Y115W/M230I showed wild-type misinsertion fidelity in assays performed with DNA/DNA templates. However, when present alone, M230I conferred reduced fidelity as determined in misinsertion and mispair extension fidelity assays, as well as in primer extension assays carried out with three dNTPs. The mutant M230I showed a 3.3-16-fold increase in misinsertion efficiency for G, C and T opposite T, compared with the wild-type enzyme. Its fidelity was not influenced by nucleotide substitutions in the template/primer around the incorporation site. However, its accuracy was apparently affected by the structure of the 5′-overhang of the template strand. Unlike wild-type HIV-1 RT, nucleotide selectivity of mutant M230I at dT:dG, dT:dC and dT:dT mispairs was almost exclusively dependent on the K m values for correct and incorrect dNTPs, a characteristic that has not been described for other low fidelity mutants of HIV-1 RT.
INTRODUCTION
During the retrovirus life cycle, the human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) replicates the viral genomic RNA to synthesize a double-stranded DNA which integrates into the host genome. RT is a multifunctional enzyme, possessing RNA-and DNA-dependent DNA polymerase, RNase H, strand transfer and strand displacement activities (1) . HIV-1 RT is a heterodimer composed of two subunits of 66 and 51 kDa, with subdomains termed fingers, thumb, palm and connection in both subunits and an RNase H domain in the larger subunit only. The overall folding of both subunits is similar, but the spatial arrangements of their subdomains are remarkably different. Highly conserved amino acid regions in the fingers and palm subdomains of the 66 kDa subunit, together with two α-helices of the thumb subdomain, act as a clamp to position the template/primer relative to the polymerase active site. The polymerase active site resides within the palm subdomain of the 66 kDa subunit, which contains the catalytic aspartic acid residues 110, 185 and 186. Other residues in their vicinity, such as Lys65, Arg72, Asp113, Ala114, Tyr115 and Gln151, are involved in the interaction with the incoming dNTP (2) .
Crystallographic data have implicated residues 227-235 (referred to as the primer grip region) in orienting the primer terminus for nucleophilic attack on an incoming dNTP (3) . In agreement with this proposal, it has been shown that substitution of Ala for Met230 produces a significant decrease in the dNTP binding affinity of the enzyme (4) . When introduced into a proviral HIV-1 clone, the M230A mutation produces a non-infectious virus that shows severe defects in proviral DNA synthesis (5) . Alanine-scanning mutagenesis of other residues forming the primer grip also produces RTs with significant alterations in their DNA polymerase and RNase H activities. In the case of mutations W229A, G231A and Y232A, the affinity of the recombinant RT for a template/primer was substantially reduced, compromising viral infectivity (4, 6, 7) . Several primer grip mutant RTs, such as P226A, F227A, G231A, Y232A, E233A and H235A, displayed an altered RNase H phenotype, which could result from repositioning of the template/primer in the nucleic acid-binding cleft (7, 8) . Also, mutations at residues 226, 227, 229, 230, 231, 232 and 235 reduced or eliminated RNA-primed minus strand synthesis from the primer-binding site (9) .
The process of reverse transcription is error prone and contributes to the high degree of genetic variability of the virus. One of the consequences of the high mutation rate has been the emergence of variants escaping the host's immune response, as well as viruses that are resistant to anti-retroviral drugs such as RT or protease inhibitors. Nucleotide selectivity depends primarily on base pair geometry (reviewed in 10, 11) .
The interactions between the viral RT and its substrates (i.e. dNTPs and template/primer duplexes) are important determinants of the fidelity of DNA synthesis. Mutagenesis studies have shown that several amino acid substitutions at the dNTP-binding site may either increase or decrease the fidelity of DNA synthesis. Examples of mutations that may increase the accuracy of HIV-1 RT are K65R, D76I, D76R, D76V, R78A, M184V and M184I (12) (13) (14) (15) (16) . Non-conservative substitutions of Tyr115, as well as substitutions of Ala for Arg72 or Met184, reduce the accuracy of HIV-1 RT (17) (18) (19) (20) (21) . Residues outside the dNTP-binding site can also influence nucleotide incorporation and fidelity of DNA synthesis. For example, replacing Gly262 with Ala or Trp266 with Glu, Leu, Ala, Ile, Val, Arg or Tyr led to RT mutants with a low frameshift fidelity (22) (23) (24) . Gly262 and Trp266 are located in α-helix H and are involved in interactions with the primer strand at the minor groove of the template/primer (22, 25) .
Mutations in the primer grip have been reported to produce a low to moderate increase in fidelity of DNA synthesis. Thus, RTs having Ala instead of Phe227, Trp229, Met230, Gly231 or Tyr232 were 40-76% less efficient than the wild-type enzyme in extending a mismatch in primer extension assays performed in the presence of all four dNTPs (26) . The higher accuracy of mutants F227A and W229A compared with the wild-type RT was further confirmed in misinsertion fidelity assays measuring the incorporation of A, C, G or T opposite T (26) .
In transfection experiments carried out with proviral DNA having the RT mutation Y115W, we found a compensatory substitution (M230I) in the primer grip which restored the replication capacity of the virus (27) . Y115W impaired RT activity by decreasing the dNTP binding affinity of the polymerase, but acquisition of the M230I mutation compensated for the dNTP binding defect. All retroviral RTs have either Met or Leu at the equivalent position of Met230 of HIV-1 RT (28). Met230 is highly conserved among HIV-1 isolates. Leu230 has been identified in virus grown in cell culture and passaged in the presence of the non-nucleoside inhibitor delavirdine (29) . In addition, mutation M230I has recently been found in the RT coding region of two viral isolates obtained from patients treated with the RT inhibitor HBY 097 (30) .
In this study, we report on the effects of the M230I mutation on fidelity of DNA synthesis, either in the presence or absence of the nucleotide-binding site mutation Y115W. The reported data indicate that M230I restores wild-type fidelity of DNA-dependent DNA synthesis when the Y115W mutation is present. Interestingly, HIV-1 RT bearing the single mutation M230I showed reduced fidelity in different sequence contexts. While nucleotide substitutions at the primer positions interacting with the side chain of Met230 did not have an influence on nucleotide discrimination, the structure of the 5′-extension of the template strand appears as an important determinant of fidelity of DNA synthesis.
MATERIALS AND METHODS

Enzymes
WT RT and mutants Y115W, M230I and Y115W/M230I were expressed and purified as described previously (17, 27) . All RTs were purified as p66/p51 heterodimers. In this study, mutations were introduced in both subunits of the RT. The 51 kDa polypeptide was obtained with an extension of 14 amino acid residues at its N-terminal end, which includes six consecutive histidine residues to facilitate its purification by metal chelate affinity chromatography.
Fidelity assays
Misinsertion and mispair extension fidelity assays were performed essentially as described previously (31, 32) , using a standing-start protocol. Templates/primers used in these assays are shown in Figure 1 . Gel-purified synthetic oligonucleotide primers were 5′-end-labeled with [γ-32 P]ATP and T4 polynucleotide kinase and then annealed to their corresponding templates in 150 mM NaCl and 150 mM magnesium acetate, as described (18) . Assays were performed in 10 µl of 50 mM HEPES, 15 mM NaCl, 15 mM magnesium acetate, 130 mM potassium acetate, 1 mM dithiothreitol and 5% (w/v) polyethylene glycol 6000, pH 7.0. The template/primer concentrations were 20-30 nM. The active enzyme concentration was ∼1.2-8.0 nM. Reactions were initiated by incubating the enzyme with the corresponding annealed template/primer in the absence of nucleoside triphosphates (10 min at 37°C), followed by addition of appropriate nucleotides at various concentrations. The rate of product formation was measured for 11 to 14 different concentrations of each correct or incorrect dNTP. Typically, for misinsertion fidelity assays concentrations were in the range 3 nM-20 µM for correct dNTPs and 50 µM-10 mM for incorrect dNTPs. Elongation reactions for the incorporation of correct dNTPs were carried out at 37°C for 10-30 s, depending on the template/primer used. Under these conditions, reactions were linear with respect to time and proportional to the enzyme concentration. After incubation, reactions were terminated by adding EDTA (5 mM final concentration), followed by heat denaturation. Products were resolved in 20% polyacrylamide-urea gels and quantitated with a BAS 1500 scanner. Elongation measurements were fitted to the Michaelis-Menten equation and the k cat and apparent K m values were determined as previously described (17, 33) .
Extension of primers in the presence of three dNTPs
The template/primer D38/20PG5 ( Fig. 1 ) was used. 20PG5 was 5′-end-labeled and annealed to D38 as described above. Five microliters of a solution containing 20-50 nM enzyme and 60 nM template/primer in 100 mM HEPES, 30 mM NaCl, 30 mM magnesium acetate, 130 mM potassium acetate, 1 mM dithiothreitol and 5% (w/v) polyethylene glycol 6000, pH 7.0, were incubated at 37°C for 10 min. Primer extension was initiated by adding 5 µl of a mixture containing three or four dNTPs at a concentration of 200 µM each, in 130 mM potassium acetate, 1 mM dithiothreitol and 5% (w/v) polyethylene glycol 6000. Reactions were incubated at 37°C for 0-30 min and then stopped by adding 4 µl of 10 mM EDTA in loading buffer containing 90% formamide. DNA synthesis products were separated on a 20% denaturing polyacrylamide gel, visualized by autoradiography and quantitated by phosphorimaging.
RESULTS
Crystal structures of HIV-1 RT complexed with doublestranded DNA (2, 3, 34) revealed that the side chain of Met230 interacts with the ribose of the nucleotide at position -2 of the primer (Fig. 2 ). Met230 together with other residues (i.e. Tyr183, Gly231, Trp266 and Gly262, among others) contact the primer in the minor groove of the template/primer complex. The distances between atoms S δ and C ε of Met230 and carbon and oxygen atoms of the interacting ribose ring are in the range 3.6-4.2 Å. Modeling studies of the M230I mutation predict that atoms C β , C γ1 and C δ of Ile could occupy equivalent positions to those observed for atoms C β , C γ and S δ of Met230. In the mutant RT, the absence of an ε-methyl group would reduce the contact surface between this residue and the primer strand, while the γ2-methyl group of Ile230 would protrude towards the ribose ring at position -2 of the primer. As a consequence of the mutation, the free 3′-hydroxyl group of the primer could adopt a different orientation in the active site of the polymerase.
Steady-state kinetic parameters for the incorporation of nucleotides at the 3′-end of the primer showed that WT RT, the single mutants Y115W and M230I and the double mutant Y115W/M230I displayed roughly similar k cat values, although the apparent K m values for the incorporation of dNTP were higher for the single mutant Y115W than for the WT enzyme (27) . The M230I mutation mitigates the polymerase activity defect shown by the Y115W mutant, probably through restoration of the proper alignment of the α-phosphate of the dNTP and the 3′-hydroxyl group of the primer terminus.
Misinsertion and mispair extension fidelity of the double mutant Y115W/M230I
In agreement with our previous results, misinsertion fidelity assays using template/primer D2-47/PG5-25 (Table 1) revealed that the apparent K m for incorporation of the correct nucleotide (dTTP) was 15-56 times higher for mutant Y115W than for WT RT and mutants M230I and Y115W/M230I. Misinsertion ratios were very similar for WT RT and the double mutant Y115W/M230I and ranged from 4.8 × 10 -6 to 4.4 × 10 -5 . However, Y115W misinserted C or G opposite A with a 3.0-3.5-fold higher efficiency than the WT RT. The differences between mutant M230I and WT RT were not significant.
In misinsertion assays performed using the M13 ssDNA/pT complex, differences between Y115W/M230I and the WT RT were again very small (Table 2) , with misinsertion ratios ranging from 2.1 × 10 -5 to 4.9 × 10 -5 . These assays also revealed a surprisingly lower misinsertion fidelity for mutant M230I. This enzyme showed misinsertion ratios ranging from 9.3 × 10 -5 to 7.6 × 10 -4 and were 4.6-16 times higher than those obtained with the WT RT. Interestingly, these assays showed that mutant M230I was prone to misincorporate G opposite T, due to the low K m value for dGTP incorporation.
The kinetics of mispair extension were studied for correctly matched base pairs (A:T) and for mismatch A:C, in the sequence context of M13 ssDNA/pT. In all cases, the incorporation of a correct T opposite A at the 3′-end of the primer was measured (Table 3) . WT RT showed an A:C mispair extension efficiency of 1.4 × 10 -3 , which is ∼20 times lower than for mutant Y115W. In contrast, M230I and Y115W/M230I showed mispair extension efficiencies that were only 3 times higher than for the WT enzyme, thereby revealing the compensatory effect of M230I for the loss of accuracy caused by Y115W.
Effect of the template/primer sequence context on the misinsertion fidelity of mutant M230I
M230I showed decreased DNA synthesis misinsertion fidelity when assayed with M13 ssDNA/pT (Table 2 ), but not with template/primer D2-47/PG5-25 (Table 1 ). In addition, misincorporation of G opposite T was rather efficient with mutant M230I, due to its low K m value for dGTP (Table 2) . Templates/primers D2/20PG5 and M13 ssDNA/pT show identical sequence at the incorporation site (Fig. 1) . In both cases, the correct nucleotide substrate is dATP and in both DNA/DNA complexes its complementary template base (T) is flanked by G and A, at the 5′ and 3′ positions, respectively. Misinsertion fidelity assays performed using the duplex D2/ 20PG5 revealed that misinsertion ratios for G, C and T opposite T were 3.5-7.3 times higher for mutant M230I than for the WT enzyme (Table 4) . Interestingly, M230I showed a K m value for incorporation of dGTP at the 3′-end of primer 20PG5 of 388 µM, which was more than 20 times higher than the value obtained with M13 ssDNA/pT, suggesting that the effect observed for M230I and substrates dGTP and M13 ssDNA/pT did not depend on the nucleotide to be incorporated or on any of the flanking residues in the template/primer.
The side chain of Met230 interacts with the ribose of the nucleotide at position -2 of the primer (Fig. 2) . While positions -2 and -3 of the primer pT are occupied by two purine nucleotides (GG), there are two pyrimidines (TC) at the equivalent positions of 20PG5. In order to study the influence of these two nucleotides on the fidelity of DNA synthesis of M230I, we used templates/primers D2cg/20PG5cg and D2cc/20PG5gg. These complexes contained one or two pyrimidine to purine substitutions at positions -2 and -3 of the primer, when compared with D2/20PG5 (Fig. 1) . As shown in Table 4 , the results obtained with D2cg/20PG5cg and D2cc/20PG5gg were similar to those obtained with D2/20PG5. Again, misinsertion ratios of mutant M230I were consistently higher in comparison to those obtained with WT RT, but were similar to the values obtained with D2/20PG5.
The influence of the 5′-extension of the template and the double-stranded portion of the template/primer was studied using complexes D2M13/pT and M13D2/PG5 (Fig. 1) . D2M13/pT contains the single-stranded DNA 5′-extension of the D2/20PG5 complex and the double-stranded DNA region of M13 ssDNA/pT. On the other hand, M13D2/20PG5 has the annealed region of D2/20PG5, with an 18 nt overhang bearing the sequence found in M13 single-stranded DNA. Using both templates/primers, WT RT showed misinsertion ratios ranging from 9.8 × 10 -7 to 1.5 × 10 -5 (Table 4) . Misinsertion efficiencies obtained with mutant M230I were 3.3-8.8 times higher than those determined with WT RT and were similar to those found with D2/20PG5. In all cases, misinsertion ratios for M230I were higher than for the WT enzyme. The differences between the catalytic constants determined for correct and incorrect nucleotides were relatively small in the case of M230I RT. The nucleotide selectivity of this mutant was determined by the differences between the K m values for correct and incorrect dNTPs.
Interestingly, the apparent K m values for the incorporation of G opposite T obtained with all templates/primers derived from complex D2/20PG5 ranged from 131 to 851 µM, well above the value obtained using the M13 ssDNA/pT complex (16.7 µM). While D2/20PG5 and its related duplexes contain a 38 nt template DNA, M13 ssDNA is a 5.7 kb circular singlestranded DNA. Therefore, the total nucleotide concentration in assays performed with M13 ssDNA/pT is much higher. In order to test whether this factor could affect the steady-state kinetic constants for incorporation of nucleotides, we performed assays with template/primer M13D2/20PG5 in the presence of a 20 nM concentration of M13 ssDNA, which was added exogenously after the M13D2/20PG5 annealing reaction. The determination of kinetic constants for incorporation of G opposite T by M230I did not show significant variations in comparison with the data reported in Table 4 . For example, under these conditions the apparent K m values for incorporation of A opposite T and G opposite T were 0.106 ± 0.04 and 541 ± 120 µM for WT RT and 0.075 ± 0.024 and 104 ± 43 µM for mutant M230I, respectively.
The differences in the kinetic parameters for incorporation of dGTP found with M230I and template/primer M13 ssDNA/pT, resulting in significant variations in misinsertion fidelity, could be attributed to the complexity of the 5′-extension of the template. Single-stranded DNA molecules have a strong tendency to fold back on themselves to form irregular doublehelical hairpin loops whenever the sequence permits significant numbers of nucleotides to base pair. These structures could affect the geometry of the polymerase active site and, hence, the fidelity of DNA synthesis. DNA secondary structure predictions were carried out with nucleotides 5301-5420 of the template M13 ssDNA sequence (GenBank accession no. L08818), using the program Mfold v.3.0 (35) . These predictions showed that 60 nt at the single-stranded DNA 5′-extension adjacent to the incorporation site can generate stable secondary structures (data not shown), with an estimated ∆G value at 37°C of -5.1 kcal/mol. In contrast, the potential to generate DNA secondary structures was very low for the 38 nt long templates used in misinsertion fidelity assays (∆G values ranged from -0.1 to 0.8 kcal/mol at 37°C).
Lower fidelity of mutant M230I as revealed using primer extension assays in the presence of three dNTPs
The reduced fidelity of mutant M230I was further confirmed in primer extension assays with only three of the four dNTPs complementary to template nucleotides. Under these conditions, elongation of the primer past a template nucleotide complementary to the excluded dNTP requires the insertion of an incorrect nucleotide, followed by extension of the generated mismatched primer. The results obtained using template/ primer D38/20PG5 are given in Figure 3 . In all reactions with WT RT and mutant M230I, a substantial accumulation of DNA products is observed at the site corresponding to the missing Table 3 . Mispair extension fidelity of WT and mutant RTs, as obtained using templates/primers ssDNA M13/pT and ssDNA M13/pC After formation of the RT/DNA/DNA complex, mispair extension reactions were incubated at 37°C for 30 s. The concentration of template/primer in these assays was 20 nM. In all cases, we measured incorporation of A opposite T at position +1. Data shown are the mean values ± SD, obtained from a non-linear least squares fit of the kinetics data to the Michaelis-Menten equation. Each of the experiments was performed independently at least three times. a The first base corresponds to the template and the second base to the primer.
. Numbers in parentheses represent the relative increase in the mispair extension ratio shown by the mutant RT relative to the wild-type enzyme. Our analysis assumes that RTs bind with roughly equal affinity to the matched and mismatched template/primer ends (10, 19) .
oligonucleotide (+2 in lanes -A; +5 in lanes -T; +1 in lanes -C), while primer elongation was very low in reactions without dGTP. After an 8 min incubation a higher elongation efficiency was observed in reactions performed with M230I in the absence of dGTP, dTTP or dCTP (lanes -G, -T and -C, respectively). Elongation products represented 76.4% of the total amount in reactions carried out in the absence of dGTP with M230I, versus only 15% as determined with the WT RT. 
, where incorrect nucleotides were dCTP, dGTP or dTTP, while the correct nucleotide was dATP. Numbers in parentheses represent the relative increase in the misinsertion ratio shown by the mutant M230I relative to the wild-type enzyme.
The amount of full-length products was also higher for mutant M230I than for the WT RT in reactions performed in the absence of dTTP or dCTP (74.8 versus 40.0% in reactions without dTTP and 23.0 versus 5.2% in reactions without dCTP). In the absence of dATP, differences between the two enzymes were significant only for the longer incubation time, where the band at position +9 was barely detectable with WT RT and represented 5.6% of the total products in reactions catalyzed by the mutant M230I. Taken together, our data indicate that M230I confers reduced fidelity, particularly when k cat values have a major impact on nucleotide discrimination.
DISCUSSION
A principal determinant of polymerase fidelity is geometric selection of the nucleotide for insertion into DNA (10, 36) . The discrimination of a correct base pair is achieved through steric complementarity between a Watson-Crick base pair and the polymerase active site. Many reports dealing with the identification of residues that control the fidelity of HIV-1 RT describe the effects of mutations on misinsertion and mispair extension fidelity (12) (13) (14) (17) (18) (19) 37, 38) , but the role of DNA sequence and structure is not yet fully understood. Comprehensive studies on the fidelity of the avian myeloblastosis virus and HIV-1 RTs revealed large differences in misinsertion ratios depending on the template/primer sequence context and suggest that error frequencies depend on the type of mispair formed, its base context and the kinetic properties of the polymerase making the error (32, 33) . The nascent template/ primer duplex in the polymerase active site interferes with correct nucleotide incorporation by affecting the polymerase active site. The analysis of crystal structures of hotspots for polymerase slippage, including (CA) n and (A) n tracts in different intermolecular contexts, as well as DNA/DNA duplexes associated with DNA polymerases (i.e. HIV-1 RT, Bacillus stearothermophilus polymerase I large fragment, Thermus aquaticus DNA polymerase I large fragment, bacteriophage T7 DNA polymerase and human DNA polymerase β) indicate that the A-conformation of the nascent DNA duplex contributes to increased polymerase fidelity (39) .
The substitution of Ile for Met230 has a dual effect on misinsertion and mispair extension fidelity of DNA synthesis. If the Y115W mutation were present, then M230I would reduce the loss of fidelity caused by the substitution in the nucleotidebinding site. In the sequence background of the WT RT (subtype B, clone BH10), the presence of Ile at position 230 produced a moderate but significant decrease in fidelity in elongation reactions carried out with DNA/DNA duplexes. This effect was more significant for misinsertions dT:dG, dT:dC and dT:dT and was clearly dependent on the structure of the template/primer. For certain mispairs (dT:dG), misinsertion efficiencies for mutant M230I were up to 16 times higher than for the WT RT. The misinsertion ratio of dT:dG pairs was roughly similar for WT RT in the sequence contexts of M13 ssDNA/pT and D2/20PG5 (4.9 × 10 -5 versus 2.9 × 10 -5 , respectively). However, differences were larger in the case of mutant M230I (7.6 × 10 -4 with M13 ssDNA/pT versus 1.1 × 10 -4 with D2/20PG5). These differences result from the low K m for dGTP shown by mutant M230I in misinsertion fidelity assays carried out with M13 ssDNA/pT. Interestingly, both templates/ primers show the same sequence at the incorporation site and have identical flanking nucleotides at this position. In addition, our results show that the misinsertion fidelity of mutant M230I is not affected by transitions or transversions in the primer sequence involving nucleotides that interact with the side chain at position 230.
The observed differences cannot be explained by assuming a different structure of the double-stranded DNA portion of the template/primer in complexes M13 ssDNA/pT and D2/20PG5. The steady-state kinetic parameters reported for dT:dG misinsertion on the M13 ssDNA/pT duplex using mutant M230I were different from those obtained with 38 nt templates, even though several sequence contexts were analyzed. The unique characteristics of incorporation of G opposite T in M13 ssDNA/pT complexes by mutant M230I could result from a perturbation of the polymerase active site architecture caused by potential secondary structures at the 5′-extension of the duplex.
In addition to the sequence context, the formation of secondary structures in the template strand could also provide an explanation for some inconsistencies found between fidelity estimates obtained from gel-based fidelity assays and M13 phage-based mutation assays (for example with mutant RTs L74V, E89G and M184V) (16, 37, 40) . In the M13 gapped duplex assay, the generation of new hotspots and variable error specificities may be conditioned by the structure of the relatively long single-stranded lacZα DNA template, which is copied during the gap filling reaction. Examples of mutant HIV-1 RTs displaying similar overall error rates, but altered error specificities compared with the WT enzyme, are L74V, E89G, Q151M, M184V and the multidrug-resistant mutant A62V/V75I/F77L/F116Y/Q151M (16, 40, 41) .
Amino acid replacements in HIV-1 RT that confer reduced fidelity of DNA synthesis include non-conservative substitutions of Tyr115 (i.e. Y115W, Y115V, Y115A and Y115G, among others) (17) (18) (19) , R72A (20) , M184A (21) and substitutions at positions 262 and 266 (i.e. G262A, W266A, etc.) (22) (23) (24) . Misinsertion fidelity assays showed that Tyr115 mutants and R72A RT display higher apparent K m values for correct nucleotides compared with the WT RT. As a result, these enzymes show poorer discrimination against incorrect dNTPs. In the case of mutant R72A, the effect is more pronounced for misincorporations opposite T in the sequence context 5′-CTGG, due to a 1200-fold increase in the K m for the correct nucleotide (20) . The lower fidelity reported for M184A results from its higher mispair extension rate as determined in steadystate fidelity assays using a 47/19mer containing A:A or A:G mispaired termini (21) . Primer extension assays in the presence of three dNTPs were consistent with the lower accuracy of this mutant. However, kinetic parameter determinations were not obtained and the mechanism leading to the loss of accuracy shown by M184A awaits further clarification. Substitutions at positions 262 and 266 result in catalytically efficient RTs, but displaying a template/primer binding defect that results in a lower frameshift fidelity (22, 23) . The mutant M230I is a catalytically efficient DNA polymerase, with k cat and K m values for correct nucleotides similar to those reported for the WT enzyme. However, unlike the case of the WT enzyme, whose k cat values for an incorrect dNTP are very low in comparison to those obtained for the correct dNTP, the mutant M230I shows k cat values for the incorrect nucleotides which are often similar or higher than for the correct dNTP, as found with several templates/primers (see Tables 2 and 4) .
These effects have not been reported for the other errorprone RTs, such as Tyr115 mutants or R72A (17) (18) (19) (20) . Unfortunately, a mechanistic interpretation of the data is problematical due to the difficulties in relating the steady-state kinetic parameters k cat and K m to steps in the mechanism of nucleotide addition (42, 43) . A pre-steady-state kinetic analysis would be necessary for an accurate assessment of the contribution of k pol (maximum rate of polymerization) and K d (dNTP binding affinity) to the nucleotide selectivity displayed by the mutant RTs. To our knowledge, M184V remains the only mutant RT whose fidelity has been estimated from k pol /K d ratios (44) . Nevertheless, in these studies as well as in previous analysis with the WT RT (42, 45, 46) , there was broad agreement between the reported selectivity values and those previously obtained using steady-state kinetic parameters.
Crystallographic studies have shown that the template/ primer duplex in HIV-1 RT/DNA complexes undergoes a 45°b end that accompanies the change from A-like to B-form DNA (3) and makes 'non-specific' sugar and base contacts 2-6 bp upstream of the 3′-terminus of the primer. Residues that interact with the primer along the minor groove of the DNA/ DNA complex are Tyr183, Met230, Gly231, Trp266, Gly262 and Gln258 (Fig. 2) . At least three of them, including Met230, appear to influence fidelity of DNA synthesis (22-24; this work), revealing that this region plays a pivotal role in controlling nucleotide selectivity. Prokaryotic type I DNA polymerases and mammalian DNA polymerase β lack the primer grip motif found in HIV-1 RT and other RNA-dependent DNA polymerases.
A comparison of the crystal structures of complexes of DNA polymerases and templates/primers with or without the incoming nucleotide show that the equivalent positions in type I DNA polymerases correspond to a loop at the base of the thumb subdomain that connects β-strand 8 and α-helix K (residues 582-587 in T.aquaticus DNA polymerase, 624-629 in B.stearothermophilus polymerase and 438-442 in bacteriophage T7 DNA polymerase) (47) (48) (49) . The role of most of these residues in the fidelity of DNA synthesis has not been investigated. The substitution of Ala for Arg682 in the Klenow fragment of Escherichia coli DNA polymerase I produced a mutant enzyme displaying lower mispair extension fidelity and showing a 3-14-fold higher base substitution error rate in M13-based genetic assays, compared with the WT polymerase (50) . Arg682 is part of the sequence QNIPVR, which is conserved in the loop of T.aquaticus DNA polymerase I, spanning residues 582-587. In human and rat DNA polymerase β (51), residues 104-110 contact primer positions 3-4 nt upstream of its 3′-end, while Lys234, Met236, Arg254 and Asp256 are involved in interactions with primer position -2. Met236 occupies the position equivalent to Met230 of HIV-1 RT, but the importance of this residue in fidelity of DNA synthesis has not been assessed.
In summary, our results indicate that Met230 of HIV-1 RT plays a key role in controlling polymerase fidelity, probably by keeping the 3′-OH primer terminus in an appropriate orientation for the nucleophilic attack required for nucleotide incorporation into the growing DNA chain. Substitutions at the polymerase dNTP-binding pocket (i.e. Y115W) or alterations in the structure of the 5′-extension of the template strand could have an impact on the geometry of the polymerase active site. In this scenario, certain amino acid replacements, such as M230I, could be tolerated in the highly conserved primer grip of HIV-1 RT, despite reducing the ability of the polymerase to discriminate between a correct and an incorrect nucleotide. A better knowledge of the interactions involved and the mechanism leading to discrimination between correct and incorrect nucleotides is a necessary step towards designing specific inhibitors targeting the fidelity of HIV-1 RT.
